The impact of residual electron correlation beyond the equation-of-motion coupledcluster singles and doubles approximation (EOM-CCSD) on positions and widths of electronic resonances is investigated. To establish a method that accomplishes this task in an economical manner, several approaches proposed for the approximate treatment of triples excitations are reviewed with respect to their performance in the electron attachment (EA) variant of EOM-CC theory.
I. INTRODUCTION
Quantum chemistry of bound electronic states has reached a level where quantitative agreement between theory and experiment is possible for many observables. 1 The same has so far not been achieved for processes involving electronic resonances, 2 i.e., autoionizing states with finite lifetime embedded in the continuum. Although theoretical methods for resonances possess considerable predictive power, 2 sizable discrepancies between theory and experiment often still exist. Sources of uncertainty on the side of theory are manifold and can include errors introduced by improper handling of the resonance character, neglect of structural relaxation and vibrational effects, insufficient basis-set convergence, and incomplete treatment of electron correlation.
The latter issue motivates this article. While the general importance of electron correlation for resonances is well established, 2-4 a quantification of higher-order correlation effects as routinely possible for bound states, has never been done for resonances. This is because their theoretical treatment is more demanding than that of bound states. Electronic resonances do not represent discrete L 2 integrable states in Hermitian quantum mechanics and only in a non-Hermitian formalism is it possible to treat them as discrete states with complex energy. 2, 5 Strategies to compute complex resonance energies with bound-state electronic-structure methods include stabilization methods, 6, 7 , analytic continuation of the coupling constant, 8 and especially complex-variable techniques such as complex scaling, [9] [10] [11] [12] , complex basis functions, 13 and complex absorbing potentials (CAPs). 14,15 Particular advantages of the latter approach are its compatibility with the Born-Oppenheimer approximation and the possibility to extend techniques for computing molecular properties 16 and analytic energy gradients 17 to electronic resonances.
When aiming at a high-accuracy treatment of electronic resonances in polyatomic molecules, the combination of complex-variable techniques with equation-of-motion coupledcluster (EOM-CC) theory offers several formal advantages and is also numerically promising. 4, [18] [19] [20] [21] The EOM-CC formalism [22] [23] [24] [25] [26] [27] allows to treat electronically excited 24 (EOM-EE), ionized 28 (EOM-IP), and electron-attached 29 (EOM-EA) states as eigenfunctions of the same effective Hamiltonian, which is crucial for electronic resonances because it enables a consistent description of a resonance relative to the ionization and detachment continua.
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Furthermore, EOM-CC treats states with different character on an equal footing and by including higher excitations in the ansatz for the wave function, the description can be systematically improved up to the full configuration interaction limit.
Whereas electronic resonances so far have not been studied beyond the EOM-CC singles and doubles (EOM-CCSD) approximation, the use of more accurate schemes is commonplace for bound states. EOM-CCSD enables a reliable treatment of many systems -provided that the reference state has single-reference character-but it has become clear that higher The remainder of the article is structured as follows: Section II presents a brief revision of the relevant parts of EOM-CC theory and the non-iterative triples corrections investigated here with a special focus on their EA variants and the application to resonance states using CAPs. In Section III, the performance of the various approximate methods is assessed via application to a test set of bound electron-attached states and comparison to full EOM-EA-CCSDT. Sections IV and V present a number of illustrative applications to shape and Feshbach resonances, respectively, while Section VI gives some concluding remarks.
II. THEORY
In EOM-CC theory, [25] [26] [27] the wave function of a target state |Ψ is parametrized as
with e T |Φ 0 as the CC reference state and |Φ 0 as a single Slater determinant that usually fulfills the Hartree-Fock (HF) equations. The cluster operator T is defined as
where the indices a, b, c, . . . and i, j, k, . . . denote virtual and occupied spin orbitals and a † and a represent second-quantized creation and annihilation operators. T is determined from the CC equations
with E ref as the energy of the CC reference state.
The excitation operator R and its de-excitation counterpart L are chosen in different ways depending on the desired target states. In this article, the focus is on the EA variant of EOM-CC, where R and L are chosen as
i.e., they describe the addition of an electron to the system and yield attachment energies. Other choices of R and L provide access to electronic excitations, ionization, double ionization, double attachment as well as spin-flipping manifolds.
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To determine the energy of the target state and the amplitudes in the operator R, Eq.
(1) is plugged into the Schrödinger equation, premultiplied by e −T and projected onto the set of determinants Φ abc... ij... |. This yields the eigenvalue equation 
Since H is not Hermitian, its right and left eigenstates are not complex conjugates of each other, but they can be chosen to be biorthonormal. The adaptation to EOM-EA-CC is straightforward; in particular, the EOM-EA-CCSD* and EOM-EA-CCSD(fT) energy corrections take on the form
with ε i , ε j , . . . as orbital energies. Explicit expressions for the approximate triples amplitudes 
In EOM-EA-CCSD*, r abc ij and l ij abc are further approximated by considering only those terms in Eqs. (11) and (12) (8) and (9) 
The EOM-EA-CCSD(T)(a)* approach is more elaborate than EOM-EA-CCSD* and EOM-EA-CCSD(fT) in that it involves a correction to the cluster operator T from which H is constructed. 50 Specifically, an approximate T 3 is obtained from a lowest-order triples amplitude equation
with F and W as one-particle and two-particle parts of the Hamiltonian. These approximate triples amplitudes are then used to correct the converged CCSD T 1 and T 2 amplitudes for the effect of T 3 according to . The EOM amplitudes are determined via Eqs. (8) and (9) from
3 , which in EOM-EA-CC takes on the form
The final EOM-EA-CCSD(T)(a)* energy is obtained by invoking Eq. (10) in analogy to EOM-EA-CCSD*. 50 However, in contrast to the latter method, the overall scaling of EOM-
EA-CCSD(T)(a)* is determined by Eq. (13) and thus non-iterative O(N 7 ).
In EOM-EA-CC, all of the non-iterative triples corrections are size-intensive because the target states are decoupled from the reference state. Also, the energy correction obtained through Eq. (10) is invariant to rotations among occupied and virtual orbitals for all methods. It should be added, however, that canonical HF orbitals were assumed in all equations and additional terms may appear if other orbitals are used.
To extend the scope of EOM-CC theory to electronic resonances, a CAP is added to the molecular Hamiltonian 14,15 :
H(η) has complex eigenvalues E −i Γ/2, from which the resonance positions E and resonance widths Γ are obtained. 2 Although the form of the working equations need not be modified if the CAP is added at the HF stage as it is the case in the present implementation, all wave function parameters become complex-valued and, moreover, one needs to replace the usual scalar product by the c-product in all equations because H(η) is not Hermitian but complexsymmetric. 57 W is chosen as a shifted quadratic potential here and the optimal value of the CAP strength η is determined by a perturbative analysis of E(η 
The optimal η is then determined from min[η dU/dη]. For EOM-CCSD, U can be computed analytically through dE/dη = Tr[γ W ] with γ as one-particle density matrix. 
III. APPLICATION TO BOUND STATES
In order to establish a method for the cost-effective treatment of radical anions beyond the EOM-EA-CCSD approximation, the various non-iterative triples corrections discussed in Section II as well as the EOM-EA-CCSD and EOM-EA-CC3 methods were employed to calculate vertical attachment energies of a test set of 22 molecules with bound EA states.
Here, a rigorous assessment of the numerical performance is possible by comparing to EOM- ). All these species have a closedshell ground state and support a vertically bound electron-attached valence state at their equilibrium geometry. Remarkably, there are not many neutral species that share these two features as most small molecules with a closed-shell ground state either do not support a vertically bound radical anion at all or only a dipole-bound anion 56 . In contrast, mediumsize organic molecules feature bound valence radical anions more often, but are beyond the reach of EOM-EA-CCSDT and were for this reason not included here. 
IV. APPLICATION TO SHAPE RESONANCES
To illustrate the impact of triples excitation on positions and widths of shape resonances, several temporary anions of π
2 ) type were computed with CAP-EOM-EA-CCSD and -CCSD(T)(a)*. All calculations were carried out using the aug-cc-pVX Z (X = D, T, Q) basis sets augmented by additional even-tempered diffuse functions. 20 These extra basis functions were placed in the center of the molecule (denoted (C) in Table II ). Core electrons were frozen in all calculations. Molecular structures and further computational details such as CAP onsets and optimal CAP strengths are documented in the supplementary material.
The results in Table II show Since triples excitations do not change the positions and widths of shape resonance substantially, one may wonder if it possible to save computer time by determining the optimal CAP strength at the EOM-EA-CCSD level of theory followed by a single CAP-EOM-EA-CCSD(T)(a)* calculation. This is appears to be a valid approach given the very similar optimal CAP strengths obtained with CAP-EOM-EA-CCSD and -CCSD(T)(a)* (see supplementary material) and is further substantiated by the fact that both methods produce similar η-trajectories. This is documented in Figure 1 , which displays η-trajectories for CO − as a representative example.
Overall, one can conclude from Table II that Further trends observed in Table II , i.e., with respect to basis-set size and the first-order correction are in line with previous findings and need not be discussed in detail. It is, however, worth noting that there are considerable discrepancies between the best theoretical estimates in Table II and As a final remark to Table II , an ambiguity in the determination of the optimal CAP strength for N − 2 /aug-cc-pVTZ+6s6p6d(C) should be addressed. Two minima in both η dE/dη and η dU/dη are found for this particular system and basis set. The values included in Table II conform to results obtained with the other basis sets, but the other set of values, i.e., the ones included as a footnote to Table II , are closer to the estimate inferred from experimental data and were also reported in Ref. 16 . A rigorous solution to this ambiguity would demand the use of another basis set, but for the present purpose, i.e., investigating the impact of triples excitations, this did not seem to be necessary.
As a further application, the potential energy curve of the σ * resonance of F − 2 and its conversion into a bound anion were studied at the CAP-EOM-EA-CCSD and -CCSD(T)(a)* levels of theory. The bound part of the potential energy curve was additionally computed with EOM-EA-CCSDT. This is documented in Figure 2 . While triples excitations do not change the description of F − 2 qualitatively, this application illustrates some further aspects of the CAP-EOM-CCSD(T)(a)* method. First, the conversion from temporary to bound anion is not described consistently. At R(FF) = 1.4Å, the anion is computed to be lower Moreover, the bound part of the F − 2 potential energy curve in Figure 2 demonstrates that EOM-EA-CCSD(T)(a)* reproduces EOM-EA-CCSDT total energies well, but it is also seen that the deviation grows with increasing bond length. In fact, at R(FF) = 1.6Å EOM-EA-CCSD(T)(a)* overestimates the attachment energy already by about 0.09 eV relative to EOM-EA-CCSDT, whereas the methods agree up to 0.01 eV at R(FF) = 1.4Å. This indicates that the increasing multiconfigurational character of neutral F 2 at stretched bond lengths is not fully captured within the CCSD(T)(a) approximation.
V. APPLICATION TO FESHBACH RESONANCES
As an example of a Feshbach resonance, the 2 Σ + state of CO − at around 10 eV was investigated. This resonance arises through attachment of a 3s σ g electron to the b 3 Σ + or the B 1 Σ + Rydberg state of neutral CO, but lies energetically below both these parent states so that it can decay only through a two-electron process. In a CAP-EOM-CC treatment based on the ground state of neutral CO as reference, the resonance wave function is dominated by a double excitation and it can be anticipated that CAP-EOM-EA-CCSD places the resonance significantly too high in energy, i.e., above its parent states turning it into a core-excited shape resonance. Whether CAP-EOM-EA-CCSD(T)(a)* produces the correct energetic order is less clear and investigated here. 75 have to be used instead of aug-cc-pVX Z to obtain converged energies for the parent Rydberg states and moreover, the CAP onset has to be chosen much larger than the spatial extent of the neutral ground state and also that of the parent states in order to limit the perturbation of the latter states to an acceptable level. 
FIG. 2. Potential energy curves of F
− 2 computed at the CAP-EOM-EA-CCSD and -CCSD(T)(a)* levels of theory using the aug-cc-pVTZ+6s6p(A) basis set including first-order correction for the CAP. The corresponding curves of neutral F 2 computed with CCSD and CCSD(T)(a) are also shown.
